providingbenefitsbycarbonsequestration (Alberto and Elvir 2008) . Pinus oocarpa also hybridizes with other pine species (Greaves 1982) , it is resistant to Fusarium subglutinans (Dvorak et al. 2000) and Fusarium circinatum (Dvorak et al. 2009) , and it can grow in soil with very low organic material and at a pH near 5.8 (Dvorak et al. 2000) .
Despite the potential of this species for commercial plantation forestry, little attention has been paid to the development of tissue culture protocols suitable for large-scale clonal propagation (Schwarz et al. 1991) . Plantlet regeneration has however been reported via adventitious buds (Franco and Schwarz 1985) , and from callus (derived from protoplasts from 11-dayold seedlings) using 5 µM naphthalene acetic acid (NAA) and 10 µM zeatin (Laine et al. 1988) . Somatic embryogenesis has been described as the most promising technology for largescale clonal propagation of conifers (Stasolla and Yeung 2003) . There are, to our knowledge, no successful efforts to establish somatic embryogenesis protocols in P. oocarpa. The goal for this study was to develop an effective protocol for somatic embryogenesis in P. oocarpa with the objectives of: (i) analyzing the mineral content of mature seeds of P. oocarpa for the determination of major and minor elements, (ii) developing a culture medium based on the mineral content, (iii) initiating somatic embryogenesis from immature zygotic embryos (ZEs), and (iv) establishing maturation and germination conditions for the conversion of P. oocarpa somatic embryos to plants.
Materials and methods

Analyses of the mineral and nitrogen content in seeds of P. oocarpa
Mature P. oocarpa seeds collected in 1994 from Las Botijas, Francisco Morazán, Honduras were provided by the National School of Forest Sciences (ESNACIFOR), Honduras. The seeds were dissected, the seed coats were removed and megagametophytes (MGs) containing ZEs were collected. One gram of fresh weight (~80-90 seeds) of tissue was collected. Three replicates per analysis were conducted. The tissue was prepared following the 'Dry ash procedure for foliar analysis of total cations and phosphorus' procedures from the Forestry Nutrition Laboratory at Virginia Tech: 1 g of fresh tissue was dried at 65 °C for at least 24 h and was then ground using a mortar and pestle. Samples corresponding to 0.500 ± 0.0002 g dry weight (dw) were used for the analysis. Each sample was ashedusingamufflefurnacebygradualtemperatureincrease. The samples were kept at 100 °C for ~1 h, then at 300 °C for 1 h and at 500 °C for at least 12 h, until the samples were ashed. Then, 10.0 ml of 6 N HCl was added to each sample, which was left to sit for at least 6 h. Finally, 40.0 ml of dH 2 O was added to the sample, which was shaken thoroughly and filteredthroughaWhatmanfilterpaper#2.
Samples were analyzed in the Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) at the Soil Testing Laboratory at Virginia Tech. The following elements were determined: silver (Ag), aluminum (Al), boron (B), calcium (Ca), cobalt (Co), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), nickel, (Ni), phosphorus (P), sulfur (S) and zinc (Zn).
Additionally, two samples (one of 3 g and the other 5 g) of MGs (with ZEs) of both P. oocarpa and Pinus taeda were used for the analysis of total nitrogen, non-protein nitrogen and nitrate. The analyses were conducted at the A&L Eastern Agriculture Laboratories, Inc., in Richmond, Virginia. Mature P. taeda seeds were collected in 2003 from Milledgeville, GA and provided by the Virginia Department of Forestry.
Composition of P. oocarpa culture medium
In order to develop a tissue culture medium for somatic embryogenesis based on an analysis of the mineral content of P. oocarpa, the results from the elemental analyses of P. oocarpa MGs were compared with previously published data on mineral content in P. taeda (Pullman and Buchanan 2003) . The concentrations of elements in the new formulation medium 'P. oocarpa(PO)medium'wereadjustedtoreflectthedifferences in P. oocarpa and P. taeda elemental content, with reference to a standard P. taeda culture medium (1218) (Pullman et al. 2005) . The increase or decrease in the concentration of the mineral elements was made at the millimolar level. Complete PO formulation is in Table S1 available as Supplementary Data at Tree Physiology Online.
Initiation of somatic embryogenesis from immature ZEs of P. oocarpa Plant material
Initiation of somatic embryogenesis from P. oocarpa was attempted using plant material from the Na'Aina Kai Botanical Garden and Sculpture Park, in Kauai, Hawaii in June of 2008 and 2009 from two mother trees: 3 and 5. For both year collections the total amount of seeds per stage of the two Mother Trees 3 and 5 was split for different treatments. Additionally, after 6 weeks the number and percentages of extrusions were calculated per tree, cone, embryo stage and treatment. Observations were made under a zoom stereomicroscope SZX7 (Olympus America, Inc.). The cones in the 2008 collection contained seeds with embryos in pre-or late cotyledonary stages. The seeds from the 2009 cone collection were visually classified into three types, small white seeds, light-yellow seeds and brown seeds (Figure S1a-c available as Supplementary Data at Tree Physiology Online), from which the following embryo stages were identified: pre-cleavage (small white seeds) (ES1), the cleavage stage (ES2) (light-yellow seeds) and the late embryo stage (LE) (brown seeds) ( Figure  S1d -f available as Supplementary Data at Tree Physiology Online). Embryo stage was identified by taking five or six randomly selected seeds of each of the three seed types per cone from each mother tree. Seeds were dissected and observed under a zoom stereomicroscope.
Cone disinfection
Seeds containing embryos at the late cotyledonary stages (brown seeds) were placed into a Petri plate at 4 °C until disinfection. Seeds were put inside a tea ball, rinsed with tap water for 3 min (min), soaked in 70% (v/v) ethanol for 2 min and rinsed once with sterile deionized water. Seeds were disinfected by soaking for 15 min under stirring in a 5% (v/v) sodiumhypochloritesolutionsupplementedwithfivedropsof Tween-20 per 100 ml of solution and then rinsed four times for 2 min with sterile deionized water. The seed coat was removed, and the MG was dissected out. The ZE was partially removed, allowing the embryo to remain connected to the MG tissue. Embryos were placed associated with the MG facing down (inner side facing down) on the respective media.
Cones containing seeds with immature ZEs [pre-cleavage (small white seeds) and pre-cotyledonary stages (lightyellow seeds)] were gently washed with soap and water and disinfected for 1-2 min in 70% (v/v) ethanol followed by 5 min in 2.5% (v/v) sodium hypochlorite solution supplementedwithfivedropsofTween-20per100mlofsolution, followed by three rinses in sterile deionized water. The seeds were extracted, and intact MGs were placed onto initiation media.
Culture media
For the experiments using explants of the cone collection in 2008, two different media compositions were tested: (i) 1218 (Pullman et al. 2005 ; without brassinosteroids and activated charcoal; Table 1 ) and (ii) PO medium (Table 1) , both supplemented with the 1218 plant growth regulators (PGRs) [2.83 µM 6-benzylaminopurine (BA), 2.80 µM kinetin (Kin) and 10.74 µM NAA; Table 1 ]. Thus, a total of two treatments, PO and 1218, each combined with the 1218 PGRs.
For the experiments using explants of the cone collection in 2009, PO and 1250 were tested. Each of the media was tested with 0.5, 1 and 2× 1250 PGR concentrations [1× =5 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 2 µM BA, 2 µM Kin and 5 µM abscisic acid (ABA), Table 1 ] for a total of six treatments.
Standard methods were used to prepare the macroelements of each medium; medium pH was adjusted with KOH or HCl. Phytagel (Sigma-Aldrich, St Louis, MO, USA) was added to 0.3% (w/v) prior to autoclaving at 121 °C for 25 min. The microelements, carbohydrate source, vitamins, amino acids and hormoneswerefiltersterilized,andaddedafterautoclavingto macroelements cooled to ~55 °C. Then 25 ml was poured per Petri dish and one explant was placed per Petri dish.
Double staining of tissue
Potentially embryogenic tissue was selected as translucent to white mucilaginous tissue and confirmed with histological methods using double staining with acetocarmine and Evan's blue (Gupta and Holmstrom 2005) . Briefly, the tissue was placedonaglassslideandfirststainedwith2%(w/v)acetocarmine until the tissue was completely submerged. The tissue was divided into small pieces, and the slide was heated over a lowflameforafewseconds.Thetissuewasthenwashedtwice with deionized water. The second stain, 0.5% (w/v) Evan's blue, was added and after 30 s was washed twice with water. The tissue was then mounted into glycerol to prevent drying and observed under a zoom stereomicroscope.
Multiplication of embryogenic suspensor mass
Different media compositions were tested for optimal multiplication of embryogenic suspensor mass (ESM). The multiplication rate of two cell lines established from explants from 2009 [Mother Tree 5, cone 1 and seed 12 (T5C1S12) and Mother Tree 5, cone 2 and seed 1 (T5C2S01) initiated on 1250-1× Initiation of somatic embryogenesis in Pinus oocarpa 541 
Maturation of somatic embryos
The basal maturation medium used was 927 (Pullman et al. 2003a ) plus 6% (w/v) maltose, 12% (w/v) PEG 8000 and 0.6% (w/v) Phytagel combined with 40 µM ABA. The total amount of ESM tissue from cell lines T5C1S12 and T5C2S01 from the six multiplication treatments was placed on a filter paper (Whatman #4) and into a 60× 15 mm Petri dish containing maturation medium. The amount of ESM tissue ranged from 0.250 to 3.705 g depending on the multiplication treatment and cell line; however, for each cell line ~0.250-0.300 g wasplacedperplate.TissuewassubculturedonceatWeek5 and the number of mature embryos per mg was recorded 5 weeks later; maturation conditions were for a total of 10 weeks. Cultures were kept in the dark.
Germination of mature somatic embryos
Different lengths of time of desiccation treatment of mature embryos prior to germination was tested. Two cell lines were tested, T5C1S12 and T5C2S01. Five mature embryos were placed into three wells of six-well plates, where the remaining threewellswerefilledwith3mlofsterilewater[highhumidity desiccation (HHD)] (Roberts et al. 1990) . A total of 15 mature embryos per six-well plate and four plates per cell line were used. The plates were sealed and stored in the dark. After 1 week, 15 embryos of one of the four six-well plates were transferred to germination medium, cultured in the dark one more weekandthenplacedundercoolwhitefluorescentlightatan intensity of 75.71 µmol m −2 s −1 , at 25 °C and a photoperiod of 16/8-h (day/night). The same procedure as above was performed after 2, 3 and 4 weeks using the embryos of the remaining three six-well plates cultured maintained in darkness (one plate per week). Germination success was considered the elongation of both the root and shoot and monitored weekly.
The germination medium consisted of 1/2 MS medium (M519; Phyto Technology Laboratories, Shawnee Mission, KS, USA), with 3% (w/v) sucrose, 0.3% (w/v) Phytagel and 0.25% (w/v) activated charcoal. Germinated embryos were transferred to GA-7 vessels (Phyto Technology Laboratories) containing autoclaved peatmoss:vermiculite (3:1) moistened with liquid germination medium, and incubated for 11 days under the same intensity of light, temperature and photoperiod described previously before being moved to ex vitro conditions.
Data collection and analysis
For the mineral and nitrogen analysis, means and standard deviations were calculated. Because culture capture was obtained only with the 2009 collection, a statistical analysis was performed using Poisson log linear models at a significance level of P < 0.05 to test the respective effect of the mother tree, the stage of ZE development, the media composition and PGR on extrusion and capture of ESM. Extrusion was considered when one or more ZEs push out of the MG micropylar end becoming visible, and capture when somatic embryos forming from the ZEs multiplied forming an ESM (Pullman et al. 2003b) . The recorded data for these two phases (extrusion and capture) were recorded in number and percentage (%). The analysis of correlation was done by plotting the extrusion percentage against capture percentage by treatment and embryo stage. The results from the test of different multiplication media and relative growth rate of ESM were transformed using the normal logarithm before analysis of variance. Significant differences between means were determined by the Tukey honestly significant difference at a significance level of P < 0.05. Mean values are shown with standard errors (SEs). The statistical program JMP 8.0 (SAS, Inc., Cary, NC, USA) was used.
Results
Analysis of the mineral and nitrogen content in the MG of P. oocarpa
The mineral content of the MG of P. oocarpa was evaluated and compared with other conifers (Table 2 ). The four most abundant minerals in the MG were P, followed by K, Mg and Ca with 15,911, 11,765, 6587 and 809 µg g −1 dw, respectively. Of these four, the calcium levels in P. oocarpa were much higher than reported for other conifers. Analysis of the microelements in P. oocarpa revealed sodium to be the most abundant, followed by Mn, Fe and Zn with 316, 184 and 207 µg g −1 dw, respectively. Of these four, sodium was also higher in P. oocarpa than in other conifers when it has been reported. The analyses also revealed that S was greatly reduced in P. oocarpa compared with other conifers, and that Al, which has not been reported in other Pinus, Picea and Pseudotsuga seed analyses, was also present in P. oocarpa.
Additionally, total nitrogen, non-protein nitrogen and nitrate were evaluated in the MG of P. oocarpa and P. taeda. The average total nitrogen in the MG of P. oocarpa and P. taeda was 87,500 ± 0.00 and 90,550 ± 3747.67 µg g −1 dw, respectively. Of the total nitrogen, non-protein nitrogen represented 0.002% in both pine species. In addition, nitrate was not detected in either of the two pine species and there were no significant differences in total nitrogen or non-protein nitrogen concentrations between P. oocarpa and P. taeda.
Composition of PO culture medium
Modificationsforthedevelopmentoftheinitiationmediumfor P. oocarpa were based on a comparison of the concentrations of each mineral element in the MG of P. taeda (Pullman and Buchanan 2003) and the MG of P. oocarpa (Table 2 ). The basal medium initially developed for P. taeda, and which we subsequently modified for testing with P. oocarpa, was 1218 (Pullman et al. 2005 ),whichitselfisamodificationoftheP6 medium (Teasdale et al. 1986 ). The previous results in the mineral analysis (Table 2 ) of the MG of P. oocarpa showed that Ca, Fe, Zn and Na were 3.2, 2.6, 1.5 and 157.0 times respectively more abundant in P. oocarpa than in the MG of P. taeda. Conversely, the concentration of Cu was 1.5 times higher, while S was 44 times higher in the MG of P. taeda than in the MG of P. oocarpa.Basedonthesedata,thePOmediumwasmodified by increasing or decreasing the mineral compounds of interest as shown in the Material and methods section. As the nitrogen content in the MG of both species was similar, the NO 3 :NH 4 ratio was not altered in the PO medium.
Initiation of somatic embryogenesis and capture of ESM cultures
In this study, we have evaluated the extrusion and capture of ESM on PO and 1218 media. Extrusion of embryogenic tissue from P. oocarpa MG was visible by 6 weeks after initiation ( Figure 1a) , with proliferating cells and somatic embryos present in the extruded tissue ( Figure 1b ). Once the ESM tissue was captured ( Figure 1c ) and exhibited continued growth, a portionofthistissue(ESM)wasusedtoconfirmtheembryogenic state by using the double staining procedure ( Figure  1d -e). In some cell lines, large embryonic heads composed of dense cytoplasmic cells were observed, while other heads were smaller and with long vacuolated suspensors.
For the experimental data from the 2008 cone collections, extrusion of ZEs was achieved by using immature ZEs at the pre-cotyledonary stage. The extrusion percentages were 13 and 10% for Mother Trees 3 and 5, respectively, and the response was higher on PO medium than on 1218 medium for Initiation of somatic embryogenesis in Pinus oocarpa 543 both trees (data not shown). However, ESM tissue was not captured from either of the trees or the culture media. In 2009, cones from the same mother trees were harvested and used for inductions on PO or 1250 medium, which replaced 1218 medium as the preferred medium for P. taeda (G.S. Pullman, personal communication). These media were also assessed with respect to different developmental stage explants and different PGR levels. The percentages of overall extrusions were 12 and 8% for Mother Trees 3 and 5, respectively, with similar levels of capture (2%) for both mother trees (Table 3) when referenced against total number of explants used. However, as extrusion differences varied between mother trees, if we considered the successful capture of lines against those that showed extrusion, we observed an average of 16% capture for Mother Tree 3, and 44% for Mother Tree 5. In the cone collections from both years, Mother Tree 3 had a higher extrusion percentage compared with Mother Tree 5.
For the experimental data from the 2009 cone collections, extrusion data were plotted against number of captured cell lines (data not shown). The two data sets displayed a moderately positive correlation (r = 0.67) at the treatment level, and a high correlation (r = 0.94) at the embryo stage level, indicating that with an increased percentage of extrusion in either treatments or embryo stage, an increase in the number of cell lines captured was observed (Tables 3 and 4) .
The stage of the ZE used as initial explants was the most important factor for successful extrusion and capture of ESM (Tables 4 and 5 ). For both mother trees, the LE stage did not extrude but produced a white callus, or germination of the initial ZE was observed; neither of the tissues formed ESM. Similar rates of extrusion and capture were obtained from either of the two types of explant that responded (ES1 and ES2) for Mother Tree 3 (2-3% of total explants, 15-17% of those that extruded) (Table 3 ). In contrast, for Mother Tree 5, greater differences were observed between the two stages (ES1 and ES2), with ES2 showing capture for 9% of total explants (38% of those that extruded) and ES1 showing capture from 2% of total explants (50% of those that extruded) (Table 3 ). There was a statistically significant difference in numbers of extrusions and captured ESM cultures on the two basal media compared; however, not for the different PGR concentrations tested (Tables 4 and 5 ). Overall, our newly developed PO medium was inferior to 1250 medium for somatic Initiation of somatic embryogenesis in Pinus oocarpa 545 Table 4 . Number and rate of extrusion and capture of cell lines in the initiation of somatic embryogenesis in P. oocarpa by treatment (basal media and PGR concentration). 1× =5 µM 2,4-D, 2 µM BA, 2 µM Kin and 5 µM ABA. Basal medium showed statistically significant influence in both responses at P < 0.05 (Table 5) . embryo induction. Capture of ESM from Mother Tree 3 was obtained only on medium 1250 (Table 4) with the best response on 1250-2× (5% of total explants, 33% of those that extruded), followed by 1250-0.5× (3% of total explants, 14% of those that extruded) and 1250-1× (2% of total explants, 17% of those that extruded). However from Mother Tree 5, the highest percentage was on culture medium 1250-1× (7% of total explants, 100% of those that extruded) and only 2% of total explants for the rest of the treatments: 1250-0.5× , 1250-2× and PO-2× (Table 4) . Combined extrusion data from both mother trees (Table 4) indicated that of the total explants used, 29% of the extrusions occurred on 1250-2× , followed by 27, 20, 16, 7 and 2% on 1250-0.5× , 1250-1× , PO-0.5× , PO-2× and PO-1× media, respectively. Combined capture data from both mother trees (Table 4) indicated that 90% of all captures occurred from 1250 media and 10% from PO-2× , with no captures from PO-0.5× and PO-1× media.
Multiplication of ESMs
In order to optimize the medium for multiplication of the ESM, the two fastest-growing cell lines T5C1S12 and T5C2S01 (from the same mother tree but from different cones) were tested on the same media that were used for the initiation of ESM cultures.
In both cell lines, significant effects of the culture medium (P < 0.005), subculture number (P < 0.005) and their interactions (P < 0.005) for growth (as measured by relative weight increase) were found ( Figure 2 ). For cell line T5C1S12, statistical differences between the two basal culture media were observed by the second subculture (Figure 2a) . By the third subculture, growth on 1250-0.5×increasedsignificantlyby30-fold,butby the last subculture (40 days on multiplication medium), the basal medium 1250 with any one of the PGR concentrations (0.5, 1 or 2× concentration) obtained almost the same relative growth increase (Figure 2a) . However, the overall highest relative growth increase (~35-fold) was obtained on medium 1250-0.5×. Growth of cell line T5C2S01 was also better on 1250-0.5× medium (Figure 2b ). By the second subculture, statistical differences were observed, and a >10-fold growth increase was obtained; this increase was close to 60-fold after 40 days on multiplication medium (Figure 2b) . Additionally, for cell line T5C2S01, the second best treatment was 1250-1× , in which the relative growth increase was close to 45-fold. No statistically significant differences at P ≥ 0.05 were observed among the rest of the treatments. The overall response for both cell lines was better growth on 1250 medium than on PO medium, and morespecifically1250-0.5×. However, it was noted that cell line T5C2S01 exhibited better growth on PO medium than cell line T5C1S12, and by the last subculture, cell line T5C2S01 on PO-0.5× performed better than on 1250-2×. After double staining, sample tissue from each treatment was observed, and the morphology of embryos in cell line T5C1S12 was similar across treatments ( Figure 3a) . In cell line T5C2S01, the embryos on PO showed better-looking embryos with the observation of a cytoplasmic head adjacent to a well-formed long vacuolated suspensor (Figure 3b ). This was in contrast to the embryos matured on 1250 basal medium, where large embryonal heads were observed, but without a well-definedsuspensor(Figure3c).
Maturation of somatic embryos
Tissue from the different multiplication treatments was placed on maturation medium 927 (Pullman et al. 2003a ) supplemented with 40 µM ABA to test somatic embryo ability to mature after multiplication on the different media compositions described above. After 2 weeks on maturation medium 927, embryos with small yellow heads were observed (Figure 4a which enlarged and developed into fully mature embryos after 10 weeks in culture. Embryos went through round-globular, then early and late cotyledonary stages (Figure 4b-d) . Results showed that while in cell line T5C1S12 mature embryos were obtained from tissue multiplied on 1250 basal medium with any of the PGR concentrations, mature embryos from cell line T5C2S01 were obtained only on tissue coming from multiplication on basal medium PO ( Figure 5 ). The highest numbers of embryos were ~21 mg −1 FWand3mg −1 FWforT5C1S12and T5C2S01, respectively, both of which occurred on 0.5× PGR levels. However, no statistical differences were found between cell lines, or between treatments for the maturation of somatic embryos.
Germination of mature somatic embryos
Mature embryos of the two cell lines T5C1S12 and T5C2S01 from the previous maturation experiment [927 basal medium (Pullman et al. 2003a ) plus 40 µM ABA] were tested for germination following a desiccation treatment (Table 6 ). For both cell lines, 2-3 weeks exposure to an HHD treatment resulted in the best embryo germination, and root elongation was observed after 7 days following embryo transfer to light (Table  6 ). Embryos of cell lines T5C2S01 and T5C1S12 desiccated for 1 week germinated after 14 and 21 days, respectively (Table 6 ), but showed aberrant further development into plants. Additionally, a 4-week desiccation period completely inhibited any subsequent growth. An HHD treatment for 2-3 weeks appeared optimal in all cases. Additionally, with the 3-week HHD treatments, root development was observed after 7 days under light conditions, thereafter elongation of both root and shoot was observed after 14 days, and at 28 days, synchronized root and shoot elongation was observed (Figure 6a-d) . Somatic seedlings were moved to GA-7 (Phyto Technology Laboratories) vessels containing autoclaved peatmoss:vermiculite (3:1) moistened with liquid germination Initiation of somatic embryogenesis in Pinus oocarpa 547 
Discussion
Analysis of the mineral and nitrogen content in the MG and whole seed without seed coat of P. oocarpa
Various attempts to induce and enhance conifer somatic embryogenesis have revolved around the development of culture media based on seed nutritive tissues (Litvay et al. 1981 , Reid et al. 1999 , Pullman and Buchanan 2003 , Kvaalen et al. 2005 ), and we took a similar approach for P. oocarpa. It is believed that the more closely the nutritional conditions of the culture medium resemble the MG, the more likely it is to support development of a high-quality somatic embryo (Pullman and Buchanan 2003) . The mineral content of the MG of P. oocarpa was evaluated and the MG concentrations [µg g −1 dw] were compared with similar data from other conifer species (Table 2 ). The four most abundant minerals in the MG were P, K, Mg and Ca. These results are in agreement with previous studies in other Pinus species (WestandLott1993), P. taeda (Pullman and Buchanan 2003) , Abies lasiocarpa (Kvaalen et al. 2005) and Picea glauca (Reid et al. 1999) , where the same elements, not considering P, showed the highest concentrations in the MG (Table 2) . However, the concentrations of these three minerals were slightly higher in the P. oocarpa MG than in the averages of the same tissue of 11 pine species (WestandLott1993) and P. taeda (Pullman and Buchanan 2003) ( Table 2 ). In contrast, for Pseudotsuga menziesii MG, the most abundant element was K, followed by Mg and P (Litvay et al. 1981) (Table 2) . Of the microelements in P. oocarpa, sodium was the most abundant, followed by Mn, Fe and Zn. Pinus oocarpa's Mn concentration (Table 2 ) was within the range of values determined for the Pinus species, close to the concentration of Pinus strobus (310.1 µg g −1 dw) (WestandLott1993). In P. taeda, P. menziesii and A. lasiocarpa, Mn concentration ranged from 221.0 to 246 µg g −1 dw (Litvay et al. 1981 , Pullman and Buchanan 2003 , Kvaalen et al. 2005 . Although the average Mn concentration in 11 Pinus species was 228.8 µg g −1 dw, concentrations ranged from 65.3 µg g −1 dw in Pinus coulteri to slightly more than 600 µg g −1 dw in Pinus resinosa (West and Lott 1993) . The Al concentration in the MG of Pinus species has not been reported; it was present in Pinus oocarpa at high concentrations, but lower than the concentration of A. lasiocarpa (242 µg g −1 dw) ( Table 2) . Aluminum is an element assumed to be toxic for plant development. The presence of high Al concentration in the MG of P. oocarpa could be due to the growth conditions of the mature seeds. Even though the concentration of this mineral was higher in A. lasiocarpa (Kvaalen et al. 2005) than in P. oocarpa, no Al source was added to the new medium. ItisunusualtofindanAlsourceinthetissueculturemedium for almost any plant. For orchids, AlCl 3 · 6H 2 O was added in low levels of 0.0561 mg l −1 (Lindemann et al. 1970 ). However, ithasbeennotedthatAlhasbeneficialeffectsonthegrowthof plants adapted to low pH soils (Osaki et al. 1997) , and its presence in the MG may serve as an adaptive advantage for the early germination activity of P. oocarpa. Significant developmental events occur during seed development, and while some minerals are required for embryo meristem initiation, all are required for growth (RamageandWilliams2002). Some minerals, such as sulfur, play key roles in seed storage reserve synthesis and their additional supplementation into media can enhance embryogenic callus production (Sreedhar and Bewley 1998) .Thesignificanceoftheobserveddifferencesinmineral content between P. oocarpaandtheotherconifersisdifficultto ascertain. These could be due to differences in general requirements and growing conditions, as the requirements of each element could differ between genera, species and environmental conditions, such as soil type, soil pH and fertilization during growth (Kvaalen et al. 2005) .
This current study, and most others, often assesses the composition of mature seed MG for nutrient medium development. Major changes in elemental composition occur in a stage-specificmannerduringLoblollypineseeddevelopment (Pullman and Buchanan 2003) , suggesting specific requirements during developmental phases. Some minerals are highest during early seed development (P, K, Mg, Ca, Mn and Zn), and others increase across development (P, Mg and Fe). Hence, tissues from mature seed reflect a single developmental 'snapshot' and may require further optimization for embryo induction and early embryo development.
In addition to mineral composition, nitrogen, non-protein nitrogen and nitrate levels were also assessed in the P. oocarpa seed.Therewerenosignificantdifferencesintotalnitrogenor non-protein nitrogen concentrations between P. oocarpa and P. taeda. As the nitrogen content in the MG of both species was similar, the NO 3 :NH 4 ratio was not altered in the PO medium. Nitrogen and NO 3 :NH 4 ratioshavesignificantimpactonplant tissue culture responses (RamageandWilliams2002), including the in vitro morphogenic responses of conifers (Tremblay and Tremblay 1991) . Hence, the maintenance of similar ratios in our new PO medium was anticipated to be supportive of some level of P. oocarpa tissue growth and development. Following a similar approach to that others have taken, the levels of minerals and the NO 3 :NH 4 ratio in the MG of P. oocarpa wereusedtoguidemodificationsofthe1218basalmediumto make it more similar to the natural environment surrounding the mature P. oocarpa zygotic seed embryo ( Table 2) .
Composition of PO culture medium
Recently, analyses of elemental mineral composition of different plant tissues, such as the leaves of Passiflora edulis (Monteiro et al. 2000) , peach almond hybrids (Terrer and Tomas 2001) and Ceratonia siliqua (Gonçalves et al. 2005) ; the bulbs of Galanthus spp. (Staikidou et al. 2006) ; and the seeds of Pinus spp. (Litvay et al. 1981 , WestandLott1993, Pullman and Buchanan 2003 , P. glauca (Reid et al. 1999) , Corylus avellana L. (Nas and Read 2004) and A. lasiocarpa (Kvaalen et al. 2005) , have been used to modify existing basal media. This has been done in order to supply the minerals at more or less the rates found in the corresponding plants and tissues under study (Staikidou et al. 2006) , and has led to improvements in the development of the tissue in culture. Modificationsforthedevelopmentoftheinitiationmediumfor P. oocarpa (PO medium) were based on a comparison of the concentrations of each mineral element in the MG of P. taeda (Pullman and Buchanan 2003) and the MG of P. oocarpa.
Initiation of somatic embryogenesis and capture of ESM cultures
The initiation of somatic embryogenesis in P. taeda comprises three steps: (i) extrusion: when one or more ZEs push out of the MG micropylar end and become visible; (ii) formation of somatic embryos from the extruded ZEs; and (iii) proliferation or multiplication of somatic embryos to form a mass of embryogenic tissue (ESM), which is referred to as cell line capture. Experiments to evaluate somatic embryogenesis can be assessed based on percentage of explants showing extrusion, percentage of explants forming three or more somatic embryos and percentage of explants achieving a target mass of ESM (Pullman et al. 2003a (Pullman et al. , 2000b . In this study, we have evaluated Initiation of somatic embryogenesis in Pinus oocarpa 549 both the extrusion and capture of ESM. In addition, several factors affect the frequency of initiation of somatic embryogenesis, including the genotype, the developmental stage of the initial ZE explant and the culture medium (Tautorus et al. 1991) , and these factors can also be addressed during the development of P. oocarpa somatic embryogenesis protocols.
Our results indicate different extrusion and successful somatic embryo line capture rates over the two consecutive yearcollectionsusedinthisstudy.Whilesimilaroverallextrusion rates were observed over the 2 years in each mother tree (Mother Tree 3-13% in 2008 and 12% in 2009; Mother Tree 5-10% in 2008 and 8% in 2009), we were only able to successfully capture lines from the 2009 collections. Others have reported that significant differences in pine somatic embryo initiation occur during different years (Miguel et al. 2004 , Salajová and Salaj 2005 , Carneros et al. 2009 ). Experiments with Stone pine (Carneros et al. 2009 ) indicated that rates of extrusion and successful culture initiation differed over two consecutive years with explants from five half-sib families. These workers observed that during 2005, just over 4% of explants extruded, and just under 5% of the extrusions were captured as successful somatic embryo lines. During 2006, just under 6% of explants extruded, and >8% of the extrusions were captured. Our observed rates of embryogenic line capture for P. oocarpa were somewhat higher than the numbers described for Pinus pinea (Carneros et al. 2009 ), and our overall capture rates during 2009 were also higher, with ~16% of Mother Tree 3 extrusions successfully captured, and ~44% of Mother Tree 5 extrusions successfully captured (Table 3) .
These differential responses during different years may be related to overall developmental conditions encountered during seed/embryo development on the mother trees. It has been reported that the surrounding MG affects successful embryogenic culture initiation (MacKay et al. 2006) , due in part at least to stimulatory molecules that it produces (De Silva et al. 2008) . Furthermore, parental trees growing in the fieldwouldbeexpectedtoencountervariablestressesona year to year basis, which could impact on explant quality and responsiveness, possibly by affecting the levels of endogenous growth regulators and other metabolites. This has been suggested by recent work showing that metabolite profiles associated with stress conditions are correlated with the low regenerative capacity of P. taeda embryogenic cultures (Robinson et al. 2009 ). In addition to physiological parameters, encountered stresses can impact plant DNA methylation states (Boyko and Kovalchuk 2008) , which can also be heritable Kovalchuk 2010, Verhoeven et al. 2010) . As DNA methylation state impacts on plant somatic embryogenesis potential/responsiveness (Yamamoto et al. 2005 , Viejo et al. 2010 and enhanced DNA methylation is associated with aged P. pinaster cultures that have reduced their embryogenic potential ), this is one area that could use further elaboration.
Our induction results indicated distinct media differences, with PO medium inferior to 1250 medium for both extrusion and successful embryogenic line capture. Furthermore, there were no apparent differences between the PGR levels used, with 0.5× , 1× and 2× levels (representing 2.5-10 µM 2,4-D, 1-4 µM BA, 1-4 µM kinetin, 2.5-10 µM ABA) all allowing successful embryogenic line capture from both mother trees. Results with P. pinaster and P. pinea (Carneros et al. 2009 ) also indicated that auxin and cytokinin PGR levels used in similar ranges were less important than the composition of the basal medium used.
For most pine species, the initiation of somatic embryogenesis is restricted to immature embryos, limited to a developmental window of a few weeks, during which the embryos are highly competent for somatic embryogenesis (Stasolla and Yeung 2003 , Salajová and Salaj 2005 , Carneros et al. 2009 ). A similar pattern was observed in this study for P. oocarpa, where capture of ESM cultures was obtained with the use of pre-cleavage and cleavage embryo stages, similar to stages reported successful for capture of ESM cultures in other pine species, and also where cotyledonary stage embryos were less successful, such as for P. taeda (Becwar et al. 1990) , P. strobus (Garin et al. 1998) , Pinus bungeana (Zhang et al. 2007) and Pinus kesiya (Choudhury et al. 2008) .
WhenMGscontainingimmatureZEsareusedforinitiation, the extrusion of ZEs from the MG is a prerequisite for the capture of ESM in pine species; however, extrusion does not alwaysresultincelllinecaptureanddoesnotsufficientlyreflect successful somatic embryo culture initiation (MacKay et al. 2006) . This was observed in the present study with the explants from cones collected in 2008, where extruded embryos were not able to form somatic embryos that could be captured, and thus failed to establish stable embryogenic cell lines. The developmental, biochemical and physiological mechanisms responsible for driving successful conversion from extrusion to captured cell line are still unknown, although various attempts to identify the requirements for this are ongoing (Pullman and Johnson 2002 , Pullman et al. 2003a , De Silva et al. 2008 , Pullman and Buchanan 2008 . Recent metabolomics work to study regenerative capacity from P. taeda cell lines (Robinson et al. 2009 ) allowed the development of a 47-metabolite predictive model, which could explain embryogenic culture productivity. Similar work is needed to develop and compare comprehensive metabolite profiles of initial explants from highly regenerative and non-regenerative families, and hopefully identify metabolic markers for embryogenic potential for Pinus species.
For the experimental data on extrusion and capture from the 2009 cone collections, there was a moderately positive correlation at the treatment level, and a high correlation at the embryostagelevel,furtherillustratingthesignificanceofexplant age. In P. taeda, at the family level, a medium correlation was observed between extrusion and capture percentages. It has been reported that the capture percentage increased when extrusion was >50% (MacKay et al. 2006) , and even though correlations between extrusion and capture are not often reported, the treatments with higher levels of extrusion usually exhibited higher initiation percentages in P. taeda (Li et al. 1998 , Pullman et al. 2003b . In relatively few cases, all of the extruded explants successfully become established tissue, such as in Pinus armandii (Maruyama et al. 2007) .
Overall, combined data from all of the P. oocarpa experiments, based on total explants used, showed a 9% extrusion rate and a 2% capture rate, resulting in 10 established cell lines. Similar percentages of captured lines were observed on P. taeda with 2.8% (Li et al. 1998) , 2.4% in Pinus roxburghii (Arya et al. 2000) , 1.1% in Pinus densiflora (Maruyama et al. 2005a ) and 2.3% in Pinus thunbergii (Maruyama et al. 2005b ). All of these results showed that for Pinus species, low levels of establishment are obtained. More studies directed at improving this are required. Many of these economically important species require a broader range of experiments, such as testing different culture media, maximizing genotype and embryo stage selection. When these types of studies are performed, the percentage of capture can reach higher levels, such as the 76.2% described for P. pinaster and the 54.6% described for P. strobus ).
Multiplication of ESMs
To characterize embryogenic tissue growth, we tested the two basal media PO and 1250 in combination with the three different PGR combinations, using two cell lines from the same mother tree. In all cases, the 1250 basal medium with 0.5× PGR levels was better overall for proliferation than the PO medium, although we did observe differences between the two cell lines. Cell line T5C2S01 exhibited much better proliferative growth than line T5C1S12 (Figure 2) , showing approximately twice as much growth. This 0.5× PGR level is half the level that has been reported for use with P. taeda .WhiletheredidnotseemtobeanoptimalPGR level for the induction phase, our results clearly suggested that 0.5× PGR with 1250 medium was better for proliferative growth. It was also interesting to note that line T5C2S01 on PO-0.5× grew better than T5C1S12 on the same medium/PGR combination, and also exhibited better growth than on 1250-2× PGR by the end of the assay period. Hence, while both lines had the same maternal background, they exhibited some variation.Ourdataareinagreementwithpreviousfindingsfor the multiplication of conifer somatic embryos of conifers, where the concentrations of 2,4-D and BA are usually reduced or are kept the same as the concentrations used for initiation (Häggman et al. 2006) . While our proliferation experiments used transfer of tissue masses to fresh media during the subcultures, one way to further improve and assess the proliferative growth of P. oocarpa cell lines would be to suspend and dispersethecellclumpsontofilterpaperdiscs.Thismethodology has been found to substantially increase embryogenic line proliferation for other pines, such as P. strobus (Klimaszewska and Smith 1997) , Pinus sylvestris (Aronen et al. 2009 ) and P. pinea (Carneros et al. 2009 ).
Maturation of somatic embryos
Two of the P. oocarpa cell lines were subjected to maturation treatments using a previously published Loblolly pine protocol (Pullman et al. 2003a ). Differences were observed in the maturation ability of the two cell lines, based on their exposure to previous proliferation conditions. Line T5C1S12 exhibited better maturation ability than line T5C2S01 (Figure 4) , with more somatic embryo maturation occurring with tissues that had previously proliferated on 1250 medium with 0.5× PGR levels. Embryo maturation was also observed at much lower levels for T5C1S12 tissues proliferated on PO medium with 2× PGR levels and on 1250 medium with 1× PGR levels, and the poorest maturation response was observed on 1250 medium with 2× PGR levels. No other maturation occurred with the other PO proliferation media. In contrast, line T5C2S01 did not exhibit any maturation from tissues proliferated on any of the 1250 media PGR combinations. This line matured best on PO medium with 0.5× PGR levels, followed by PO medium with 1× and with 2×PGRlevels.Whileeachlineshowedadifferentpreference and level of maturation based on the basal medium used for proliferation, they both responded best after having proliferated on 0.5× PGR levels. This capacity for better somatic embryo maturation after proliferation on lower PGR levels has been reported previously for other pines (Klimaszewska et al. 2001 , Tang et al. 2001 , as has genotype dependence for the degree of maturation response.
Based on the different maturation responses that we observed, we went back and assessed the overall microscopic appearance of the two lines that had been growing on the different media combinations (Figure 3) . The double staining of sample tissue from each treatment indicated that the morphology of embryos for cell line T5C1S12 was similar across treatments. In contrast, for cell line T5C2S01, the embryos on PO showed better overall embryo morphology with the observation of a cytoplasmic head adjacent to a well-formed long, vacuolated suspensor, as opposed to 1250 basal medium, where large embryo heads were observed, but without a welldefinedsuspensor.Thus,whilePOmediumappearedsuboptimal for somatic embryo induction, it did exhibit potential for culture proliferation and subsequent maturation, depending on the genotype. Our microscopic observations also suggested that the identification of early stage embryos with higher
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Based on previous results from our laboratory with P. taeda showing that 40 µM ABA yielded better embryo morphology and germination, we used the same concentration for the maturation experiments with P. oocarpa. Generally, in pine species, concentrations from 30 µM in P. kesiya (Choudhury et al. 2008) up to 120 µM for P. pinaster (Miguel et al. 2004 ) have beenused.Whilematurationwasobtainedon40µM ABA, further studies on the effects of ABA concentration may enhance P. oocarpa somatic embryo maturation.
Germination of mature somatic embryos
Germination of mature somatic embryos of pine species is usually achieved by transferring them directly to a germination medium such as in P. taeda (Pullman et al. 2003a) , P. sylvestris and P. pinaster (Lelu et al. 1999) , P. kesiya (Choudhury et al. 2008) and P. armandii (Maruyama et al. 2007 ). In addition, mature embryos have been stored in darkness at 4 °C for 30 days before transfer to germination (Carneros et al. 2009 ), or given a desiccation treatment to mimic the natural conditions of the seeds (Roberts et al. 1990) . Mature embryos of conifers may need a desiccation period to reach 'physiological' maturity to grow into viable plantlets (Stasolla and Yeung 2003) . Additionally, for some species such as P. strobus, P. pinaster (Klimaszewska et al. 2007 ) and P. taeda (Pullman et al. 2003a) , the culture of the embryos for 1 week to 10 days in darkness before transferring them to light promotes the elongation of hypocotyls (Klimaszewska et al. 2007 ). Our results indicate that mature embryos of P. oocarpa benefit from a period of desiccation to increase their efficiency during germination (Table 6) . Similar results were observed in P. glauca × engelmannii where synchronized elongation of the hypocotyls and radicle was observed when embryos were partially desiccated using the HHD treatments for 3 weeks (Roberts et al. 1990) . From previous experiments, without desiccation, abnormal germinationwasobserved,followedbyvitrificationanddeath (data not shown). In the past 10 years, the number of protocols for initiation of pine species has increased; however, few of them reported the transfer of somatic seedlings to ex vitro conditions and the survival rate. In P. armandii, 51% of germination and 40% conversion were reported (Hosoi and Ishii 2001) . Similar responses were obtained in P. thunbergii, with 60% germination on 1/2 EM medium without PGRs and 2% (w/v) activated charcoal, and 51% conversion (Maruyama et al. 2005b) . In economically important species where larger efforts have been invested on improving protocols, the rates of germination and conversion are relatively higher. In P. pinaster, cell line PM5 exhibited 96, 89 and 70% germination, conversion to plants and survival, respectively (Klimaszewska et al. 2007 ). Here we obtained between 86 and 100% germination using 2 or 3 weeks desiccation treatment.
In summary, the mineral content of the P. oocarpa MG was used to develop a novel tissue culture medium (PO medium). Using immature ZE explants, embryogenic tissue capture was possible on this medium, as well as on a previously established culture medium (1250) . From the total initial number of explants, we observed an overall 10% extrusion rate, and a subsequent 2% capture rate, which yielded established embryogeniccultures.WhilePOmediumdidnotprovehighly supportive of embryo induction or a high culture proliferation rate, it did exhibit promising results for culture multiplication with cell line T5C2S01, where microscopic analysis revealed better embryo morphology (large embryo heads attached to well-definedsuspensors)onPOmediumthanon1250medium. However, this enhancement was not observed with cell line T5C1S12. Hence, the beneficial effects may be genotype dependent. Tests of PGR concentrations on cell line multiplication showed similar results for both T5C1S12 and T5C2S01, such that on 1250 medium, a decrease in the overall concentration of PGRs stimulated both cell lines under study, resulting in an increase in relative growth over the higher concentrations. Both cell lines were able to mature on 927 basal medium containing 40 µM ABA. However, the number of embryos per fresh weight varied per cell line and multiplication treatment. For cell line T5C1S12, the multiplication treatment that yielded the highest number of mature embryos on subsequent maturation was that of 1250-0.5 × , while for T5C1S12, the best treatment was that on PO-0.5×. Germination of matured somatic embryos for both cell lines was improved (100%) with the use of 2-to 3-week partial desiccation treatments. Germination was observed 7 days after transfer of cultures from the dark to thelight.Theresultsofthisstudyrepresentthefirstreportof somatic embryogenesis in P. oocarpa using immature ZEs.
